UPDATE 01" SINGLE EVENT FATLURE IN POWER MOSFETS

Donald K. Nichols, James K. Coss, Tetsuo Miyahi

Jet Propulsion Laboratory

Cdifornia Institute of’ Technology
Pasadena, CA91 109

Jeffrey Titus
Naval Surface Warfare Center
Cranc. IN 47522

Dennis Oberg, Jerry Wert, Peter Majewski
The Boeing Company
Scattle, WA 98124

John Lintz
Honey well, Space Systems Group
Clearwater, Ylorida 34624-7290

Abst ract

This paper prescits an update of the first 1994
compendivm of single event test data for power MOSHITs. |
provides fai | uie thresholds fromburnoutor gate rupture for (01
devices of six manufacturers.

1. Introduction

Power transistor single event effects (SEL) lest data
obtained by Jet Propulsion Laboratory, The Bocing Company,
Honeywell Space Systems Group (Clearwater, 1), The
Acrospace Corporation, the group at the University of
Arizona, NWSC (Crane, IN) and others have been included in
this paper. Thus, this paper is a supplement to an original
compendium presentedin 1994 (Ref. ) The intent is to
present @ comprehensive set of MOSEET data from M ay,
1994, to May, 1996.1tis believed, however, that additional
datamay be available that has notbeen published or brought
to our attention. Contributors who desire inclusion in this and
any future compendia should contact Don Nichols.

This data setincludes failure threshold voltages
(VDS = drain-source voltage) for both single event burnout
(SEB)Y and single c.vent gate rupture or damage (SEGR or

SHGD) of MOSHET power devices. There is no hard line of

separation between power devices and lower power dc.vices,
nor is there a demonstrated immunity of the latter to SEL.
There is some data (not shows) for SEB of npn bipolai
devices butnonce for pnp bipolar devices. The bipolar data is
still very limited and notincluded in this compendium,

The purpose of the present work is to supplement the
data of Ref. I in order to:

(1) prrovide design engineers with operating voltage
limits (max VDS for a specificd VGS) of tested devices.

(2) identify unspecified process variables relevant to
Sill iresponse

(3) identify those parameters characterizing SEV
response

(4) presenttrends that permit extrapolation from the
existing data Set.

H. Testing Approaches

Several possible testing approaches have been
considered, but two are of fundamental importance. One
approach attempts to measure the SHB/SEGR cross section vs
VDS of adevice for agiven testion (or equivalently a given
LET) for a fixed gate source voltage (V §) and temperature.
This type of cross section should not be confused with the
] FT-dependent ct oss sections tabulated fo r softerrors in 1Cs.
The transistor cress scction equals zero at lower VDS and
rises very rapidly only a its threshold Vs (almost like a step
function); then tends to level o ff at somewhat higher Vpg. So
far, few experiment have extended the data far beyond
threshold, but such data is mentioned when known.

Toobtain SEL rates for a specified environment and
operating condition (defined by temperature and V¢; S), one
must perform the same experiment for several other ions 1o
establish the voltage threshold and cross sections above cach
of the voltage failure thresholds. *1bis approach requires a
large sample size and still does not provide an adequate basis
for calculatinig the device upset rate. All of the preceding
Cross sections must also be repeated for angles of beam
incidence greater than zero, unless a plausible angle
dependence has been provided.

The second approach seeks simply to identify the
threshold voltage Vyg(th) for failure for a givenion (usually
Ni/kic or Bi/Kr), & fixed Vs and temperatore. The selected
ion should represent a realistic worst case for the
environment. Ni or Fe ions at normal angle of incidence is a
realistic worst case , because there is no increased
susceptibility from grazing angle ionstrikes as there is for
integrated circuits.  The latter approachindicates a voltage
operating limit to the designer who can apply a derating factor
to his operation, but it also offers litle chance to estimate the
failure probability if one chooses to operate above threshold,

The data tabulated here in one. extended table



presents threshold VDS for several groups of’ ionsd afew

se lected gate source voltages VGS. following the second
(recommended) approach. Some theoretical determinations
indicate the effectof varying VG § (related to oxide field) for
afi xed drain-source voltage. A nearly standard techniquce for
measuring the threshold Viyg onsists of the following steps:

(1) Priorto any irradiation, measure the drain source
currentatrated BV for VG §=0, or alternatively measure the
actual breakdown V]S for the same conditions.  One should
also mcasurc the gale-source current @ maximum rated gate
voltage (usually 20 V) for V)§=0.  These measurements
establish the normal operating currents,

2 Choose a single gate voltage VGS (st i with the
least susceptible zero voltage) and hold it constant for each
subsequent irradiation step, for successively larger VDS. At
the end of cach irradiation step 01, say, 105 ions/cm2, change
the bias conditions back tothoseusedin step (1) toagain
determine the Iwo currents 1GSS and 1DSS.

(3) Failure may occur as either (1) SEGR as
evidenced by a large permanentincrease in gate current
ranging between a fraction of a milliamp up to the circuit-
imposed limit (say, 10 amps) or (2) SEB (burnout) evidenced
by a short across source and drain as well as a gate short.

(4) Delayed Failures-- On occasions J1°1. and other
lest organizations have seen delayed types of SEGR. On some
occasions, the gate currents increased to - | mA during,
irradiation and thenincreased again to the circuit limit daring,
posl-beam tests where, as dways, V¢ S was reset to 20V,
Another type of SHGR failure occurs when the drain -source
voltage is incremented for the next test. Some experimenters
have modified the abrupt change to max gate-source voltages
betweenirradiations, by ratcheting VGS upward in steps.

HI. Supporting Studies

Severalcollateral tests have been performed by now.
Nichols ctal (2), Fischer (3), Tastet (4), Mouret (5) and Titus
(6) have demonstrated that higher grazing angles of ion
incidence have less cf'feet on S1B and SHG R than normally
incident irradiation. lence tbc complications involved in
calculating SEE rates by dealing with an effective 1. KT vs
incident ion angle are simplified. (In actuality, there IS no
known formal method for calculating rates under these
conditions for a specificd environment except to take a very
simplified worst case in which al strike angles are assume.d to
affect the device equally. ] High temperature  tests have been
performed (2,7, 8)showing that SEB is greatly reduced at
higher temperat ures due. to phonon interference with the
avalanche burnout mechanisim, in contrast, high temperat ures
tend to promote SHGR in afew cases, but not in others (6).

It is noted that most transistors that differ only by dic
size(e.g. by having a different number of’ thesamesize
transistor elements or cells) have similar breakdown voltages
as expe cted. However, thel”c arca few occasions whensuch
devices yield widely different S1iiresults. It is postulated
that the diclectric oxide breakdown voltage (an uncontrolled
parameter) may be responsible for wafer-to-wafer and device-
to-device variability to SEL.

1V. Organization and Scope of Data

This paper presents SEB and SEG R data for
MOSFETS in ‘1'able 1{orall known new data taken upto
May, 1996-- as marked with an asterisk in column 1. Data
are also included from cattier tests for those parts thatare
closely relatedto parts for which new data arc tabulated, so as
to put tboc ncw data in context. Closely related device data arc
those lying on a contiguousrow in the table’'s data entrics. It is
noted that many tests arc repeated in the data sets-- useful for
showing cons is tency in m ost cases, but possibly cost
ineffective. Some data are taken a an elevated temperature,
which consistently shows a higher threshold voltage when
SERB is the failure mode. Datasets by 11SS arc particularly
useful in comparing the two temperatures with a switched gate
bias, Dynamic testing, has a dramatic effect in forestalling
burnout failures, by interrupting the rather slow failure
modes.

Six manufacturers are represented in this second set,
which broadens the manufacturer base beyond that repoited in
Ref. 1-- primarily for International Rectifie: (INR) and Harris
(11 AR), Most data are for commercial parts, but there are
some NCW "rad-hard"” technologics.

The data are grouped i nrows by device
manufacturer. Within each manu facturing group, devices with
the lowest breakdown voltage are listed first-- first n-channel
and then p-channel. Devices that are very similar, or the same
devices tested with different conditions (e.g. VG S) are
grouped in touching, adjacent rows.,  The columns list
manufacturers, device humber(s), channel type, and test
sample size. 11 is observed that samples are seldom large
enoughto provide rigorous statistics, Nor acharacterization of
maverick behavior that is occasionally noted. Most data,
however, are fairly repeatable. Subsequent columns list the
rated breakdown voltage (3V) and gate-source voltage YGS-

The next five columns gro up the data according to
test ions. Single voltage entries in the ion columns show a
failure voltage; a slashed pair show a pass/fail voltage
threshold. The first column is for lo w-1LET jons havin g 1.ETs
less than that of the dominant Ni/lie/Co/Cu group included il
column two. Thi s first group is useful in judgi ng the
adequacy of postulated theories (See for example, ref. 3). 1t is
now often accepted that a characterization with a single ion of’
the sccond group may be all that is necded for project
requirements. This view is supported by two acts: (1) those
heavier ions having a higher LET have fluxes in outer space
two or three orders of magnitude smaller than that of the Niftée
group, and (2) there is no need to account for enhanced effects
from grazing-angle collisions having a high "effective” (angle-
dependent) LET. The third group in the table includes Br and
Kr (1.1T1T=37 MeV/mg/ecm 2), traditional high LET jons at the
Brookhaven Van De Graaff (BN1.) and U. C. Berkeley 88-
inch cyclotron (88),respectively. The fourth group includes
the highest1.1{T ions easily available at the aforementioned
facilities. The fifth column includes data from very high
energy (10-100 MeV/amu) facilities: the Berkeley Bevalac
(now defunct) and GANIIL, (France). It is this last group of
ions that present some inconsistencies with the lower energy
] BT characterizations, for reasons that have not yet been fully
explained. Some o { this column set are empty for this update;



they are nevertheless retained to be compatible with the larger
dataset of I< Cf. |

The remaining set of columns provide the failure
mode, the test group, test date, ion facility and “Remarks." It
is useful to know that INR uses 7000 and 8000 numbers to
specify n-channel devices with 1 00 Krad and | Mrad total
dose tolerance, respectively; both INR and Harris use 9000
numbers for p-channel devices. The second INR mir number
(orthe first for three-digit part designations) relates to the
breakdown voltage. The next number is related to the die
size-- the larger this number, the larger the die size and
(usually) the larger the number of individual cells. INR's
letier “11¢ inthe third place from the leftof the letter prefix
means that the devices are especially designed 1o be radiation
resistant to total dose. 1t turns out that such devices are aso
very resistantto single event effects as well. The fourthletter
of INR (which maybe "H") and the third lctter of HAR
devices is a package designation not expected to affect
SEB/SEGR data. Harris denote.s rad hard tolerance with a
suffix alter the device number; R= 1 00 Krad and H= 1 Mrad.
FSE is arccent Harris designation for their SEL hard
technolog -- g claim defined by the data given in Table 1.

VI. Conclusion

This updated compendium of SEF effects (SEB and
SEGR)in power MOSHITs can be combined with the. data
presented in Ref. 1to provide auseful data base for designers
of satellite and space systems. Some extrapolations may be
warranted, and some cautionary observations are also
provided. Testing with only one ion is often acceptable for
systemrequirements; the reduced effect of incident ions at
oblique angles presents an important simplification for parts
selection i parts are available that meet the measured
threshold voltage failure levels for the highest-11T population
of any consequence in space-- the Ni /le group.
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